A dissipative particle dynamics ͑DPD͒ simulation has been used to study the spontaneous vesicle formation of amphiphilic molecules in aqueous solution. The amphiphilic molecule is represented by a coarse-grained model, which contains a hydrophilic head group and a hydrophobic tail. Water is also modeled by the same size particle as adopted in the amphiphile model, corresponding to a group of several H 2 O molecules. In the DPD simulation, from both a randomly dispersed system and a bilayer structure of the amphiphile for the initial condition, a spontaneous vesicle formation is observed through the intermediate state of an oblate micelle or a bilayer membrane. The membrane fluctuates and encapsulates water particles and then closes to form a vesicle. During the process of vesicle formation, the hydrophobic interaction energy between the amphiphile and water is diminishing. It is also recognized that the aggregation process is faster in two-tailed amphiphiles than those in the case of single-tailed ones.
I. INTRODUCTION
Amphiphilic molecules, which contain a hydrophobic tail and a hydrophilic head group, exhibit a variety of aggregates in aqueous solution. They can form spherical micelles, rodlike or spheroidal micelles, bilayer membranes, and vesicles ͑liposomes͒ that are droplets of water encapsulated in a bilayer membrane. A stable type and shape of aggregates depend on the temperature, pressure, concentration, and molecular structure of the amphiphile. In those structures, vesicles are biologically important in terms of separability of the solution for various applications such as drug delivery systems and artificial cells. Theoretical and experimental studies have been done to investigate the conformational behavior of vesicles such as the preferred shapes, transformation, fusion and fission. [1] [2] [3] [4] [5] [6] [7] [8] In most of the previous theoretical studies on bilayer membranes and vesicles, coarse-grained surface models have been used in which the membranes are treated as smooth and continuous thin surfaces. [5] [6] [7] [8] Shape transformation of the vesicles is successfully understood by these continuum models based on the minimum bending energy of the membrane. However, in these models, the molecular structures of the amphiphile are not taken into account explicitly.
On the other hand, molecular dynamics approaches have been attempted to investigate the structure and dynamics of lipid bilayers. [9] [10] [11] [12] [13] [14] [15] Though an atomistic approach is a powerful tool for understanding the structure and dynamics of bilayer membranes, they are restricted to a relatively small number of molecules due to the limitation of computation time. Instead of atomistic models, the coarse-grained amphiphilic molecules are adopted to investigate self-assembly into various types of micelles and vesicles. 16 -19 Regarding spontaneous vesicle formation, Drouffe et al. 20 performed molecular dynamics simulations using a hard sphere that consists of three parts, a hydrophobic layer surrounded by two hydrophilic layers. Though a closed vesicle was observed in their simulation, the self-assembly process into bilayers could not be discussed. Bernardes 21, 22 studied by Monte Carlo simulations using a lattice model for model amphiphilic molecules surrounded by solvent molecules. Because of adopting the lattice model, it was not possible to observe the bending of the membrane surface as usually described for large surfaces, and the dynamic properties remain unclear. More recently, Noguchi et al. 23 studied using Brownian dynamics simulations with model amphiphilic molecules as a rigid rod. In their model, water molecules are not explicitly treated and the local density potential is adopted to consider the hydrophobic interaction between the amphiphile and water. Therefore, the hydrophobic effect during the self-assembly process into vesicles is not sufficiently understood. It is desired to investigate the spontaneous vesicle formation by a more natural method without an intentional potential to attain the final structure.
In recent years, mesoscopic simulation techniques such as the dynamic self-consistent field theory 24,25 and dissipative particle dynamics ͑DPD͒ ͑Refs. 26 -31͒ have been applied to study the modeling morphology evolution in polymer systems during phase separation. In these methods, the polymer chain is commonly treated as a coarse-grained bead-spring model. Each bead corresponds to a group of several atoms. Mesoscopic simulation can treat a wide range of length and time scales by many orders of magnitude compared to the atomistic simulations such as molecular dynamics. These mesoscopic simulation methods have been successfully applied to some cases of practical interest such as to the microphase separation of binary polymer mixtures and diblockcopolymer systems. 24, 29, 30 These methods seem to be a͒ Phone: ϩ81-561-63-4693; Fax: ϩ81-561-63-4698; electronic mail: e0857@mosk.tytlabs.co.jp suitable for studying the dynamics of amphiphilic molecules. Therefore, it is expected to be able to predict the dynamics of amphiphilic molecules and the self-assembly process into vesicles.
In this study, we performed a mesoscopic simulation to study the self-assembly into vesicles of amphiphilic molecules using an originally coded DPD program. There is a variety of amphiphiles such as single-tailed surfactants and two-tailed lipids, in which the size of the molecules and the ratio of head/tail are also varied. To compare the aggregation process, three types of amphiphiles are used in this study. Amphiphilic molecules are modeled by connecting soft spherical particles, which represent a group of several atoms. Water is also modeled by the same size particle as adopted in the amphiphilic molecular model, corresponding to a group of several H 2 O molecules. There are several experimental methods for obtaining a vesicle such as sonication of an aqueous dispersion of amphiphiles and detachment of a portion of a bilayer by mechanical or electrical stimuli. Considering these experimental procedures, the self-assembly kinetics into vesicles was investigated for two different types of initial conditions, a random dispersion of amphiphiles, and their bilayer structure.
II. SIMULATION METHOD

A. DPD simulation
Dissipative particle dynamics ͑DPD͒ is a relatively new method proposed to study the hydrodynamic behavior of complex fluids. 26, 27 The method is based on the dynamics of soft particles interacting by conservative, dissipative and random forces. By introducing a bead-spring-type particle model, the method is extended to polymer systems. [29] [30] [31] Here we describe an outline of the model and the evolution algorithm of the DPD. Now, we consider that the particles are subject to conservative, dissipative, random forces, and spring forces for connecting spheres. The time evolution of the system is found by solving Newton's equation of motion,
and
where r i , v i , and m i are the position, velocity, and mass of the ith particle, respectively. For simplicity, the masses and diameter of the particles are scaled, relative to 1, from now on. The force f i contains three parts of the original DPD formula and an additional spring force for a polymer system. The interaction between two particles can be written as the sum of these forces,
The first three forces of the original DPD are considered within a certain cutoff radius r c . The conservative force F i j C is a soft repulsion acting along the line of the centers and is given by
where a i j is a maximum repulsion force between particles i and j, r i j ϭr j Ϫr i , r i j ϭ͉r i j ͉, and n i j ϭr i j /͉r i j ͉. The repulsion parameter between water particles is recommended to be set at 25kT for density ϭ3 to match the compressibility of liquid water at room temperature. 29 Other repulsion parameters between particles of the same type are chosen as the same value as the water particles. The repulsion parameters between particles of different types correspond to the mutual solubility, expressed as the Flory-Huggins -parameter. In the case where the reduced density is 3, this relation is as follows:
We determined these parameters to reproduce the hydrophobic interaction between an amphiphile and water. The details will be described below. The dissipative force F i j D is a hydrodynamic drag and is given by
where ␥ is a friction parameter, D (r i j ) is the weighting function, and v i j ϭv j Ϫv i . The friction parameter is related to the viscosity of the system and acts in such a manner as to slow the relative velocity of two particles and to remove the kinetic energy. The random force F i j R corresponds to thermal noise and is governed by the parameter and a different weighting function R (r i j ) as follows:
The randomness is contained in the element i j , which is a randomly fluctuating variable with Gaussian statics,
͑9͒
They are assumed to be uncorrelated for different pairs of particles and time. There is a relation between the two weighting functions and two parameters,
and 2 ϭ2␥kT. ͑11͒
In our simulation, we choose the weighting functions as follows:
and the parameters and ␥ are chosen to be 1.8 and 6.7, respectively, therefore kTϭ0. 25 . In preliminary simulations using these parameters and repulsive force (a i j ) described below, we found the aggregation of amphiphiles into various types of micelles and bilayer membranes, which are in a fluid phase, i.e., amphiphiles can laterally diffuse in the mem-brane. The appearance of ⌬t Ϫ1/2 in Eq. ͑7͒ is due to ensuring the consistent diffusion of particles independent of the stepsize of the integration as discussed by Groot and Warren. 29, 30 The spring force F i j S for a polymer is considered as harmonic springs for an equilibrium bond distance r s ,
and the spring constant C is set at 100 to obtain a very stiff chain for stretching.
In this study, we set both the cutoff radius r c and the bond distance r s at 1, which equals the diameter of the particle. Time evolution of the system is calculated by the Verlet algorithm with time steps of ⌬tϭ0.05. Our original DPD program has been coded and is used for the following simulations.
B. DPD model for amphiphiles
There are a number of varieties of amphiphiles such as single-tailed surfactants and two-tailed lipids, in which the size of the molecules and the ratio of head/tail are also varied. We consider very simple models of amphiphilic molecules and examine their dynamics, although more realistic description of a real molecular system can be possible as discussed by Groot and Rabone. 32 In the present work, we focus on three different amphiphiles built up from a hydrophobic tail group and a hydrophilic head group. In order to distinguish these models, we denote the head group particles by ''A,'' the tail particles by ''B,'' and also the water particles by ''W'' in the present article. The three types of amphiphiles used in this study are illustrated in Fig. 1 . The A 1 B 3 model is one head group and three tail particles, A 2 (B 3 ) 2 is a two-tailed model whose ratio of head/tail is the same as that of the A 1 B 3 model, and A 2 B 5 is a somewhat large single-tailed model rather than the A 1 B 3 model. All connection between adjacent particles is fully flexible in these models. A water particle is modeled as the same size as a component of the amphiphile models. In this case, the water particle contains several H 2 O molecules. Interaction parameters for the conservative force between DPD particles are necessary for simulation. These parameters are defined so as to reproduce segregation between the hydrophilic part ͑head of the amphiphile and water͒ and hydrophobic part ͑tail of the amphiphile͒ in referring to the simulation of block copolymer systems. 30 We set a AB ϭa BW ϭ40kT and a AW ϭ25kT. The other diagonal term a ii ͑iϭA, B, and W͒ is set at 25kT. In preliminary simulation using the parameter of a AB ϭ40kT for a binary mixture system of single particles A and B, we found the strong segregation of two phase. Therefore, these parameters are sufficiently large value for the strong segregation.
C. Simulation condition
We performed extensive simulations to study the process of spontaneous vesicle formation from two different types of initial conditions, ͑a͒ a randomly dispersed system and ͑b͒ a bilayer structure, which are shown in Fig. 2. In Fig. 2͑b͒ , the water particles are not displayed. The system sizes are 24 ϫ24ϫ24 for ͑a͒ and 30ϫ30ϫ30 for ͑b͒. The total number of constituent particles of the amphiphile is set at 4032 for all three types of models, i.e., the total number of amphiphiles is 1008 for A 1 B 3 , 504 for A 2 (B 3 ) 2 , and 576 A 2 B 5 . Therefore, in the case of system ͑a͒, the concentration of the amphiphile is 9.7 vol %. For the simulation from the bilayer structure, the cell size is enlarged in order to prevent formation across the periodic boundary. In this system, the concentration is 5.0 vol %. The total number of particles in the cell is 41 472 for system ͑a͒ and 81 000 for system ͑b͒ at density ϭ3. In all systems, the time evolution of the DPD particles is calculated until completion of the vesicle.
III. RESULTS AND DISCUSSION
Simulated snapshots of the process of aggregation and vesicle formation are shown in Fig. 3 for the system ͑a͒ of the A 1 B 3 model. In the early stage up to tϭ2500, spherical micelles merge to large ones and a large oblate micelle ͑bi-layer membrane͒ is observed at tϭ2500. After fluctuating during some period, the oblate micelle encapsulates water particles and then forms a vesicle. After tϭ4000, the vesicle is observed in the cell. A slice illustration of the system at tϭ5000 is depicted. The water particles encapsulated in the vesicle of the amphiphile bilayer are clearly recognized. The number of water particles encapsulated in the vesicle is counted as 75. Figure 4 shows the sequence of time evolution of vesicle formation for the two-tailed amphiphile A 2 (B 3 ) 2 model. In this system, vesicles are also found to form at a considerably faster time than in the A 1 B 3 model. The oblate micelle is found at tϭ1000 and the vesicle is observed after tϭ1400. The number of water particles inside the vesicle is 96 in this case. On the contrary, for a large amphiphile A 2 B 5 , vesicle formation is not observed, but only one large oblate micelle is formed after a very long period at tϭ26 500 as shown in Fig. 5 . It seems that a much larger number of amphiphiles should be required to form the vesicle for A 2 B 5 . Then, for the A 2 B 5 model, an additional simulation is performed under the condition where the number of amphiphile is increased to one and a half from the original system, 864 amphiphiles ͑14.6 vol %͒. As a result, after a very long simulation time at tϭ76 600, vesicle formation is recognized and the number of water particles inside the vesicle is 166 in this case. Figure 6 shows the dynamics of aggregation and the vesicle formation process from the randomly dispersed systems at 9.7 vol %. The behavior of the largest cluster for all three types of amphiphiles and the number of water particles encapsulated in the cluster are drawn. Instantaneous configurations of the cluster of amphiphiles just before the vesicle formation are also indicated in the figure for A 1 B 3 and A 2 (B 3 ) 2 models. It is clearly understood that an oblate mi- celle encapsulates water particles and changes its shape to bowl-like. The aggregation process with two-tailed amphiphiles A 2 (B 3 ) 2 is faster because their radius of gyration is larger and the probability to meet with other amphiphiles is higher than with the single-tailed model. This feature was also observed in MC simulation by Bernardes. 22 In contrast with this, the relatively large single-tailed model A 2 B 5 shows slow dynamics of aggregation, and it seems that a much larger number of amphiphiles should be required to form the vesicle as shown in the above additional simulation. From this figure, it is understood that, after the number of cluster sizes reaches a critical value that is sufficient to form an oblate micelle, vesicle is spontaneously formed. We performed additional simulations from different initial distributions of amphiphiles, and results similar to those described above were obtained.
Next, snapshots of the vesicle formation process from the bilayer structure of the system ͑b͒ are shown in Figs. 7, 8 , and 9 for A 1 B 3 , A 2 (B 3 ) 2 , and A 2 B 5 , respectively. The water particles encapsulated in the vesicle are also indicated in these figures to help understand the process. Similar to the results for system ͑a͒, vesicle formation is observed in models A 1 B 3 and A 2 (B 3 ) 2 , but only an oblate micelle remains in the A 2 B 5 model. The process of vesicle formation can be clearly understood from these figures. For the A 2 B 5 model, an additional simulation is performed under the condition where the number of amphiphiles is increased by one and a half times the original system ͑7.5 vol %͒, 864 amphiphiles. As a result, vesicle formation is observed as shown in Fig.  10 . The number of water particles finally encapsulated inside the vesicle is 547 for A 1 B 3 , 367 for A 2 (B 3 ) 2 , and 329 for A 2 B 5 . These values are several times larger than those of vesicles obtained from the randomly dispersed systems ͑a͒. Figures 11-13 shows the conservative energy regarding 
The energy is averaged for each 30 period for the A 1 B 3 and A 2 (B 3 ) 2 models, and each 100 for the A 2 B 5 model. During the process of vesicle formation, the conservative energy diminishes by 0.02-0.03kT. It is confirmed that the vesicles are formed through the bilayer membrane to minimize the hydrophobic interaction energy between the amphiphile and water. Vesicles are experimentally obtained by several procedures such as sonication of an aqueous dispersion of amphiphiles, detergent dialysis, reverse-phase evaporation, and detachment of a portion of a bilayer by chemical, electrical, mechanical, or thermal stimuli. 1 With these methods, the detachment process from the bilayer is relatively easier than others, and giant vesicles having a diameter of over 10 m can be produced this way. 4 This feature of vesicle formation agrees with our simulation results; the assembly into a vesicle from a bilayer structure is a faster process in comparison with a randomly dispersed system. Furthermore, a bilayer structure as an oblate micelle is also recognized in the aggregation process from a randomly dispersed system. Some possible pathways are proposed for the dynamic process of vesicle formation, bending of a membrane, aggregation and rearrangement of small micelles, and fusion of small vesicles. 6, 22 In our simulation from randomly dispersed systems, the aggregation of small micelles is first observed, and then large oblate micelles ͑bilayer membranes͒ are formed. In the next stage, the oblate micelles fluctuate and encapsulate water. Finally, they close and form vesicles to lower the edge energy between the hydrophobic tails and water. The same process of vesicle formation from a bilayer structure is observed in the case of starting from a bilayer structure of amphiphiles. From our simulations, it is confirmed that an oblate bilayer membrane is an important intermediate state to form vesicles and that vesicles are formed through the membrane to minimize the hydrophobic interaction energy on the borders.
Finally, we shall discuss the dependence of the molecular structure of an amphiphile on the aggregation process. Three types of amphiphiles were investigated in the present study. The aggregation process of two-tailed amphiphiles is faster than that of single-tailed ones if the size of the molecules is the same. The difference originates from the fact that the radius of gyration is larger for the two-tailed case; therefore, they can contact others frequently in comparison with single-tailed amphiphiles. When the size of the amphiphiles is not the same, the number of amphiphiles required to form a vesicle and the aggregation rate are differ- ent. It is observed that larger amphiphiles show slow dynamics and require a large number of molecules for vesicle formation. However, we simulated only three types of amphiphiles in this work; more systematic analysis for various types of amphiphiles is necessary. In general aspect that we noticed in this study, moderate concentration of amphiphiles is required for vesicle formation. In dilute system, spherical and rodlike shapes of aggregation are observed. As the concentration increases, vesicle is formed. However, continuous phase of amphiphiles is observed at concentrated regime. The temperature of the system also affects the condition of vesicle formation. At higher temperature, vesicle is unstable and easily broken. The dependence of the size and type of amphiphiles on vesicle formation will be discussed in future work.
IV. CONCLUSIONS
We applied a mesoscopic simulation method, the dissipative particle dynamics ͑DPD͒, to study the spontaneous vesicle formation of amphiphilic molecules. In the DPD method, the dynamics among soft particles, which represent groups of several atoms, is simulated. Amphiphilic molecules are constructed by connecting soft DPD particles that are related to the hydrophilic head groups and hydrophobic tails. A water particle is also modeled with the same size particle as the amphiphile model. This means that water particle represents a group of several numbers of H 2 O molecules. The repulsion parameter between the DPD particles, which is related to the Flory-Huggins interaction parameter, is set as the reproducibility of hydrophobic segregation. From both a randomly dispersed system and a bilayer structure of amphiphiles in water particles, spontaneous vesicle formation is recognized through the oblate micelle state. They encapsulate water particles and form vesicles. During the vesicle formation process, it is clarified that the hydrophobic interaction energy is minimized. It is also recognized that the process of aggregation is faster in the two-tailed amphiphiles than in the case of single-tailed models. From this study, it is confirmed that DPD is an effective simulation technique for analysis of the dynamics of amphiphiles and their vesicle formation process. 
